Background: Brassica vegetable consumption may confer a protective effect against cancer, possibly attributable to their glucosinolates. Glucobrassicin is a predominant glucosinolate and is the precursor of indole-3-carbinol (I3C), a compound with anticancer effects. However, objective assessments of I3C uptake from Brassica vegetables have not been successful.
Introduction
Brassica vegetables are abundant in glucosinolates, widely thought to mediate their anticancer effects (1) . Glucobrassicin, a predominant glucosinolate (2) , is converted upon mastication of vegetables into indole-3-carbinol (I3C), which then undergoes acid condensation in the stomach, predominantly to 3,3 0 -diindolylmethane (DIM; ref. 3) . I3C and DIM possess remarkable pleiotropic anticancer properties (3, 4) . Epidemiologic evidence links a high intake of Brassica vegetables to reduced cancer risk (5) ; however, the association is inconsistent (6) , highlighting the necessity of developing biomarkers to quantify phytonutrient uptake. No published study has successfully correlated vegetable consumption with I3C metabolites in humans. We conducted a randomized, crossover trial to test the hypothesis that higher glucobrassicin intake from food results in higher DIM levels excreted in the urine. To do so, we developed a liquid chromatography-electrospray ionization-tandem mass spectrometry-selected reaction monitoring (LC-ESI-MS/MS-SRM) method, and compared urinary DIM levels after consumption of "Jade Cross" Brussels sprouts (high glucobrassicin) or "Blue Dynasty" cabbage (low glucobrassicin).
Materials and Methods

Study design
Twenty-five healthy, non-vegetarian, non-smoking adults were recruited for this randomized, two-period crossover trial. All subjects completed study procedures concurrently. Subjects abstained from glucosinolates starting 7 days before consumption of the first study vegetable. Compliance was ascertained from selfreported food diaries and DIM level in spot urine samples collected immediately before consumption of study vegetables on the first day of each period. Subjects were randomized to consume 50 g of raw "Jade Cross" Brussels sprouts or "Blue Dynasty" cabbage in a single sitting at the study center once every 24 hours for 3 days. Urine was collected for 24 hours after each vegetable feeding. After a 5-day washout period, subjects consumed the alternate vegetable and collected urine in the same manner. Urine was processed and stored at À20 C. Vegetables were prepared fresh daily. Fasting was not required. The protocol and consent form were approved by the Institutional Review Board at the University of Minnesota (Minneapolis, MN). All subjects provided informed consent.
"Jade Cross" Brussels sprouts and "Blue Dynasty" cabbage (Jordan Seeds) were selected for their divergent glucobrassicin concentrations (unpublished data) and were grown for the study. Samples were taken at three time points for glucobrassicin analysis.
Glucobrassicin concentration
Samples were prepared on the day of collection by boiling in water, blending, and homogenizing (2 minutes, 12,000 rpm; Polytron PT 1300D; Brinkmann Instruments), centrifuging, extracting desulpho-glucobrassicin using strong anion-exchange solid-phase extraction, and filtering the extract through a 0.2 mm PTFE syringe filter prewetted with methanol before sample storage at À30 C. Samples were stored at À10 C after blending until homogenization. Further details of the methods are described elsewhere (7) . High-performance liquid chromatography (HPLC) analysis was carried out as previously described (7) with minor modifications, using an Agilent 1200 series HPLC system (Agilent Technologies) equipped with a solvent degasser and diode array detector. The injection volume was 50 mL. The solvent gradient was (A ¼ H 2 O, B ¼ acetonitrile): 0 to 2 minutes, 5% to 15% B; 2 to 20 minutes, 15% to 47% B; 20 to 23 minutes, 47% to 100% B; 23 to 30 minutes, 100% B; 30 to 33 minutes, 100% to 5% B. Peaks were verified using known retention times and absorbance spectra and integrated using Chemstation software (Agilent Technologies). Desulpho-GB was quantified using a desulphosinigrin standard curve and a response factor of 0.29 (8) .
Analysis of urinary DIM
Chemicals. All chemicals were HPLC, LC-MS, or Optima grade. DIM was from LKT Labs. Indole, ammonium acetate, t-butyl methyl ether, and b-glucuronidase (E.coli G8295) were from Sigma-Aldrich. Urine sample preparation. Urine samples were prepared using a published technique (10) with modifications. Two thousand units of E. coli b-glucuronidase in 0.1 mL of PBS (0.26%, w/v) and 10 pmol [ 2 H 2 ]DIM internal standard were added to 1 mL of urine. Following a 20-hour incubation at 37 C, each sample was extracted two times with an equal volume of t-butyl methyl ether. The extracts were evaporated to dryness using a Savant SpeedVac evaporator (Thermo Fisher Scientific) and reconstituted to 20 mL with acetonitrile/ 10 mmol/L ammonium acetate (30/70, v/v). Appropriate controls were included.
LC-ESI-MS/MS-SRM. Analyses were done on a TSQ Quantum Discovery Max instrument (Thermo Fisher Scientific) in the positive ion mode with N 2 as the nebulizing and drying gas. MS parameters: spray voltage 3.2 kV; sheath gas 25; capillary temperature 250 C; collision energy 17 V; scan width 0.05 amu; Q2 gas pressure 1.0 mTorr; source CID 9 V; tube lens offset 104 V; Q1 0.2 amu and Q3 0.7 FWHM. Mass spectrometry data were acquired and processed by Xcalibur software version 1.4 (Thermo Fisher Scientific). Eight mL of the sample were injected from an autosampler using an Agilent 1100 capillary LC system (Agilent Technologies) equipped with a 5 mm, 150 Â 0.5 mm Zorbax SB-C18 column (Agilent Technologies). The flow rate was 15 mL/min for the first 3 minutes then 10 mL/ min with a gradient from 60% methanol in 15 mmol/L NH 4 Urine creatinine. Urine creatinine was measured at the University of Minnesota Medical Center using Vitros Crea slides (Ortho-Clinical Diagnostics).
Statistical analysis. We subtracted measurements from the same subject (Brussels sprouts-cabbage) in both treatment sequences to eliminate possible individual effects. We assumed standard additive normal models for these two sets of differences that included "treatment effect" and "order effect" parameters. Data were analyzed using Proc GLIM of SAS (version 9.2). The effect of body mass index (BMI), sex, age, and race/ethnicity on urinary DIM was analyzed using linear regression. A 5% significance level was used. NOTE: Halved cabbages (n ¼ 4, $125 g each) were sampled at harvest. Brussels sprouts (n ¼ 3, $200 g each) were sampled on the day they were separated from stalks, 2 days after harvest. Brussels sprouts and cabbage salads were sampled on the first day of each vegetable-feeding period (n ¼ 4, $125 g each and n ¼ 3, $100 g each, respectively). The mean glucobrassicin concentration was significantly higher in Brussels sprouts than in cabbage ( Ã P < 0.001).
Abbreviation: gfw, gram food weight. 
Results
Subjects
Ten males and 15 females ages 22 to 63 years (mean 35.8 AE 11.8 years) completed the study. Twelve subjects were randomized to cabbage first, 13 to Brussels sprouts. None were taking proton pump inhibitors, H 2 -antagonists, antacids, or antibiotics. Six of the 150 24-hour urine collections (4%) from 5 different subjects were missing one partial urine void.
Glucobrassicin concentration
The glucobrassicin concentration in the vegetables is shown in Table 1 and was consistently approximately 4-fold lower in cabbage as compared with Brussels sprouts.
Accuracy and precision of the urinary DIM assay
Accuracy averaged 93% (86%-112%), intra-day precision averaged 8.5%, and the inter-day precision averaged 16% (n ¼ 5 positive control samples). Precision over a range of DIM concentrations averaged 3% with excellent correlation between added and measured DIM (R 2 ¼ 0.999).
Urinary DIM levels
Typical LC-ESI-MS/MS-SRM chromatograms are illustrated in Fig. 1A -C. Urinary DIM levels are summarized in Table 2 . DIM was undetectable in 38 of the 50 baseline samples; nine subjects produced a peak at the retention time of DIM. Mean 24-hour DIM level was higher after consumption of either cabbage or Brussels sprouts NOTE: Each mean value represents the mean of three 24-hour urine collections. Baseline urinary DIM is also shown. Feeding order refers to which vegetable-Brussels sprouts or cabbage-the subject was randomized to eat during the first vegetable-eating period of the study. Overall mean urinary DIM after Brussels sprouts was significantly higher than after cabbage, with an average difference of 8.73 (95% CI, 5.36-12.10; P ¼ 0.00002), taking into account order effect. Mean urinary DIM was slightly higher in the second vegetablefeeding period than in the first, but the difference was not significant (P ¼ 0.21). Abbreviations: C, cabbage; B, Brussels sprouts; ND, not detected; Cr, urine creatinine.
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on August 15, 2017. © 2013 American Association for Cancer cebp.aacrjournals.org Downloaded from compared with baseline, except in 4 subjects who had no detectable DIM after cabbage and one subject with no change after cabbage. Brussels sprouts consumption consistently led to higher mean DIM compared with cabbage consumption. The average difference was 8.73 pmol/mg creatinine (95% confidence interval, 5.36-12.10; P ¼ 0.00002). The within subject variation was small compared with the variation across subjects, particularly after Brussels sprouts (ICC ¼ 0.85). Mean DIM averaged 0.03 AE 0.01% (Brussels sprouts) and 0.01 AE 0.00% (cabbage) of the glucobrassicin consumed, ranging from 1.40 to 44.00 pmol/mg creatinine (Brussels sprouts) and 0 to 1.47 pmol/mg creatinine (cabbage). Mean urinary DIM did not correlate with age, sex, race/ethnicity, and BMI (P ¼ 0.23 for overall model).
Discussion
This study is the first to successfully quantify urinary DIM, a biomarker of I3C uptake, after feeding Brassica vegetables, and the first to show that higher glucobrassicin exposure from food consistently results in higher urinary DIM levels. Characterizing I3C uptake using urinary DIM is advantageous, as the glucosinolate concentration in vegetables can vary widely based on factors such as vegetable type, growth conditions, and preparation technique (2) . Measurement of I3C itself is problematic since it becomes rapidly undetectable in vivo (11, 12) .
Our LC-ESI-MS/MS-SRM method represents a notable improvement to previous assays (10, (12) (13) (14) . The use of [ 2 H 2 ]DIM as internal standard results in accurate identification and quantitation of DIM. Use of recombinant E. coli derived b-glucuronidase ameliorated the confounding from H. pomatia-derived b-glucuronidase observed during assay development (15) and improved detection. In addition, our technique makes it possible to quantify the small amount of DIM that results from food consumption, particularly after cooking, which denatures myrosinase, decreasing glucobrassicin conversion to I3C. In contrast, taking I3C supplements results in urinary DIM levels approximately 5,000 times greater than in our subjects who ate Brussels sprouts (13) .
The proportion of glucobrassicin excreted in the urine as DIM was low, most likely from a low rate of conversion of I3C to DIM in the stomach due to the complex heterogeneity of gastric contents. In addition, the major route of I3C or DIM excretion in humans is unknown. Prior studies have examined I3C distribution and metabolism after administration of radiolabeled I3C in animals and overall suggest that I3C and DIM may not be readily absorbed by the gut or are excreted in the bile (11, 16, 17) . The interindividual differences in urinary DIM observed were expected and are consistent with other biomarker studies after administration of Brassica vegetables or their phytonutrients (12, (18) (19) (20) .
Other questions remain before urinary DIM can be used as a biomarker, focusing on the pharmacokinetics of I3C and DIM after Brassica vegetable consumption, longitudinal assessments, effect of cooking, and identification of biologically relevant doses in humans. Further investigation is under way.
In summary, urinary DIM is an objective measure of assessing I3C uptake from Brassica vegetables containing divergent glucobrassicin concentrations. Our highly sensitive LC-ESI-MS/MS-SRM method and the results of our study provide a strong foundation to further validate urinary DIM for wider application as a biomarker, particularly in studies of Brassica vegetables in cancer chemoprevention.
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